INTRODUCTION

49
Laboratory mice are critical to understanding human biology in a variety of fields, from inflammatory bowel 50 diseases, neurology, and cancer, to microbiome and nutrition. In the current era of microbiome research, multiple Figure 3A-B) . Multi-and single-cage GF 147 isolators (used as a proxy for state-of-the-art equipment and knowledge) were most frequently used as a GF-caging 148 system among those with GF facility access. Collectively, demographic analysis indicates that although statistically 149 different, all groups had comparable levels of expertise, access to state-of-the-art facilities and knowledge (note p-150 values and wide 95%CIs; see Figure 3C -D) which is important to inferring that the perceptions acquired herein are 151 relevant to current research.
152
Scientific organizations rank similarly 15 husbandry factors that affect the mouse microbiome.
153
To determine whether differences in knowledge/practices or perceptions on animal husbandry exist due to 154 the professional nature of each organization, we asked participants to rank, from 1 to 5 ( 
159
Except for 'diet composition', ranked 1 st as 'very important' by the majority of respondents (>75%), there was 160 marked heterogeneity in response patterns at the individual level ( Figure 4A) . Importantly, perceptions of individuals 161 did not cluster within their professional affiliation, suggesting that the organizations surveyed 'think' alike. Instead, we 162 identified 'patterns of beliefs/perception' in academia that reflect 'types of individuals', with a given set of research 163 practices in mind (beliefs), that differs from their peers within their organization (Figure 4A-C selects for aerobic microbes in cage bedding) and thus cage-cage microbiome variability. 1, 2, 48 Beliefs agreement was 173 identified between 'diet composition' 'diet sterility' and 'water source' (top 3 ranked factors) illustrating that dietary intake is perceived as a collective of all aspects consumed orally, including the microbial content of diet ( Figure 4D) .
however, reported cage type in their methods, while the 'very important' aspect of 'diet sterility' was described in only 177 22% of studies reviewed. Of concern, the 'time of year/season' was the least important aspect believed to influence 178 the microbiome (ranked 15 th ); however, we have shown that cross-sectional metagenome experiments conducted in 179 separate seasons produce contrasting results when assessing the role of Helicobacter spp. in spontaneous Crohn's 180 disease-like ileitis in mice, 3 implying that repeating experiments across seasons may yield unreproducible results 181 over time.
182
As a recommendation, repeating experiments to build composite datasets, which often occurs across 183 seasons, should be conducted with caution unless we understand the effect of season on the microbiome and animal 184 physiology (see Recommendation Theme on 'Repeating Experiments').
Figure 4. Ranking of 15 factors believed to cause microbiome research variability is reproducible. a) Heat map shows respondent perceptions on the importance of various animal husbandry factors in microbiome research variability. The heterogeneity across respondent perceptions illustrates that individual thinking is not related to institutional affiliation. b) Boxplots show raw data ranking distribution of respondent perceptions on the importance of various animal husbandry practices. c)
Heat map shows the overall ranking of variables according to institution. d) Stacked bar graphs show overall ranking of variables. Note that diet composition, sterility and drinking water were identified by >50% of individuals as 'very important' contributors to microbiome research. Note the discordance between coprophagia (ranked 4 th ) to that of bedding soiledness ('dirtiness') and the importance of cage change frequency. 
196
Since there is no consensus on one single approach to control for cage-cage microbiome variability before 197 using mice in experiments, we surveyed which methods are used by scientists. [52] [53] [54] [55] Despite evidence that co-housed 198 
Figure 5. Survey responses for animal husbandry practices and cost. a) Venn diagram (n of respondents) on 'popularity' of various methods used to control cage-cage microbiome variability prior to the experiment. Note 'fecal homogenization protocol' compared to others. b) Perception contrast between the 'financial' and the 'scientific' preference when asked what animal density was preferable for
206
Clusters and scientific-financial discordance when housing five mice in a study of five mice.
207
To interrogate whether cost is a contributing factor to animal housing density practices, we posed two 208 identical multiple-choice questions that differed only by the assumption of financial vs. scientific preference. The first 209 question asked, "In a 1-month diet experiment with 5 mice/group, which housing option do you believe is 210 FINANCIALLY preferable? while the second question replaced the capitalized word 'FINANCIALLY' with 211 'SCIENTIFICALLY'. The three possible answers were, using '5 cages', '2 cages', or '1 cage'. The majority of 212 participants believe it is both scientifically (54%) and financially (95.7%) preferable to maintain cages with higher 213 animal density (2-3 or 5 MxCg), which, of concern, introduces cage cluster effects. 58 individuals do not think that this practice is economically feasible (Figure 5B) , which reflects current literature where 217 only 15% (95%CI=9.6, 20.3) of studies reported exclusively housing 1 MxCg (see Figure 2C ).
218
Considering that the majority of respondents' facilities implement weekly or every 2 weeks 'cage change' 219 protocols, with a wide array of drinking water sources across facilities (Figure 5C-D) , our data suggests that cage we show that the heterogeneity in respondents' perceptions is not attributed to institution but instead to professional 229 organization (Figure 6A-F) .
230
Although scientists could argue that statistical methods exist to control for clustering, 58 
236
Implementability of a multi-theme framework to favor study power and reproducibility.
237
To objectively determine if the 'Recommendations' described below (supporting a multi-theme actionable 238 framework, Figures 1 and 7A) were i) clearly drafted as a sentence (sentence clarity), ii) had the potential benefit to 239 improve power and reproducibility (potential benefit), and iii) were deemed appropriate for readers to recommend to 240 others (would you recommend it?), we asked active academicians and scientists conducting research to grade each 241 recommendation and provide comments to create an 'implementability grade metric' ( Supplementary Table 3 ). To 242 quantify whether the obtained implementability grades were significantly different from random responses, we 243 compared the distribution of grades to that of a random generator of 30 numbers, from 1-10. 
Reproducibility of results
Gut Microbiota/Infections Effect (see Table 2 ; effect on animal physiology) Figure 7B ).
247
The wording of the final recommendations, underlined with 'quotation marks and italics' reflect the improved 248 version of the expert-graded sentences and comments received during the grading phase. See all comments in 249 Supplementary Table 4 , and a synthesis of the peer-reviewed studies supporting the framework in Supplementary 250 Figure 3) , studying/sampling mice in clean cages and/or the use of slatted floors 69 
316
Recommendation theme 5 on 'Animal density, clusters, and study power'.
317
First, our scoping review identified numerous laboratories publishing clustered MxCg data with few 318 cages/groups, without the verification of study power/sample sizes, or use of statistics for clustered-data. Then, our 319 survey and cost simulator showed financial-scientific discordance among scientists when deciding animal densities.
320
Unless higher densities are scientifically (not only financially) justifiable, housing 1 MxCg could yield more cost-321 effective and powerful study designs by increasing the number of cages and minimizing the need to use advanced Figure 4 with 46 37.91 n= 10 10 Example Study 2 How to compute and report study power a 5.5 0 2.5x10 7 12 statistics. 47, 71 We recommend to 'House one mouse per cage (unless more mice per cage is scientifically justifiable) 323 and increase the number of cages per group (instead of few cages co-housing many mice which results in cage maximize the experimental and statistical value of each animal as a test subject during experimentation.' The expert-326 prediction for implementation is moderately significant (grade, 7.7±0.56; 91.4% probability of higher score vs. 327 random; significant in 63.3% of simulations, p=0.086±0.13). The goal is to maximize the scientific/test value of each 328 mouse by promoting individual housing, emphasizing that social stress has been equally demonstrated, irrespective 329 of sex, for single-and socially-housed mice, 72, 73 and to promote the use of study power through cost-effective, 330 reproducible experiments. As expected, this recommendation elicited the most heterogeneous responses, reflecting a 331 partial reluctance to modify current animal density practices (Figure 7B) 
Figure 8. Graphical examples of rapid 'study power' calculations and reporting of individually-caged mouse data. a) Example of study power calculation & graphical reporting (post-hoc means after study completion, all datasets are real unpublished data). Intestinal inflammation in mice from two groups housed individually after pre-experimental cage microbiome normalization using IsPreFeH (fresh feces only; no bedding material). Post-test plot analysis (inset, software screenshot of power vs. sample size) shows that in this case, only 4 mice would be needed. Notice p-value and power increase after excluding outliers (dashed circles, N=19). b) Power analysis for two groups with different variance (diet A, narrow SD; diet B, wide SD
336
Recommendation theme 6 on 'Implementing statistical models to consider ICC in clustered data'.
337
Depending on the experiment, we recognize that it is not always possible to single-house mice. Our review 338 showed that scientists often analyze clustered observations using methods that mathematically function under the 339 assumption of data independence (student T-, Mann-Whitney, One-/Two-way ANOVAs), without implementing 340 statistics for intra-class ('intra-cage') correlated (ICC) cage-clustered data (Multivariable linear/logistic, Marginal, 341 Generalized Estimating Equations, or Mixed Random/Fixed Regressions). 47, 76, 77 The ICC describes how units in a 342 cluster resemble one another, and can be interpreted as the fraction of the total variance due to variation between 343 clusters. 47 Housing multiple MxCg as homogeneous densities across study groups is logistically challenging using 344 few cages. To expand the outreach of our multi-theme framework, and to support scientists with their analysis and 345 publication of justifiable/clustered experiments, we recommend to 'Use statistical methods designed for analyzing 346 clustered data when multiple mice are housed in one cage, and when data points are obtained from mice over time, 347 to i) properly assess treatment effects, ii) determine the intraclass correlation coefficient for each study, and then iii) 348 to use that information to rapidly generate experiment-specific, customizable study power tables to aid in the 
355
The statistical example we provide is based on data extracted (using ImageJ 78 analysis) from a published 356 dot plot figure in a reviewed study that exclusively reported cohousing 5 MxCg, and where authors compared two 357 diets using 8 and 9 MxGr (2 TCgxGr; Figure 9A) . The published p-value was 0.058, but to emphasize our message, 358 we slightly/evenly adjusted the extrapolated data to achieve a univariate p<0.050. By simulating 5 possible cage-359 clustering scenarios, Figure 8 was designed to help visually understand the benefits of computing ICC and 360 experiment-specific customizable power tables to determine whether more cages/group or mice/cage are needed to 361 achieve study powers of ideally >0.8.
362
When using clustered-data methods, we showed that only one of the five scenarios yielded a significant diet 363 treatment effect (i.e., scenario 2, where all cages were unbiased, having mice with high and low response values, 364 something unlikely to occur naturally in clustered settings, Figure 9B ). Data proves that artificial heterogeneity due to 365 mouse caging and unsupervised 'cage-effects' lead to poor reproducibility (80% of cases would misleadingly show 366 that the test diet induces an effect on the mouse response). Graphically, we show that the variability of ICC 367 (computed after running the mixed-effect models) depends on the hypothetical mouse allocation to cages, which in 368 turn influences the post-hoc estimations of study power (Figure 9C-D) .
369
As a final practical product in this manuscript, we provide the statistical scheme/code in the GitHub 370 repository (https://github.com/axr503/cagecluster_powercode) to implement this streamlined analysis and compute 371 comprehensive power tables based on the ICC derived for each simulation to help scientists determine the best mice-372 to-cage combinations to match resources (Figure 9E) . A 'quick reference' of actionable steps for all six themes is in 373 Supplementary Table 8 . To expand our implementability strategy for continuous assessment by the international 374 scientific community the survey is available online (https://forms.gle/LxPCydbySddcndZ7A).
13
Figure 9. Analysis of cage-clustered data, intra-class correlation coefficients and power tables to facilitate study design by the number of cages/group and mice/cage.
Five scenarios using a single dataset where mice housed as 5 mice/cage illustrate the effect of cage clustered data. Raw data extrapolated from one of the 172 reviewed studies. a) Extrapolated raw data (original published dot plot; p-value=0.059). Note that data from the diet 'W' group was not normally distributed (A-D p=0.005). b) Graphical representation of 5 scenarios considering different cage allocations of 2 cages/group. P<0.05 for the regression analysis ('Regress') indicates cage effect. Except for scenario 2 (with mice representing the entire data range spectrum for treatment outcome 'response'; y-axis), note that all scenarios are subject to significant cage effect. 'Diet', treatment; 'Cg', Cage effect. c) Paired line plot depicting power estimates for the same data, without transformation (left) and after log2 transformation (right). Note the best power estimation for raw data may have a marked influence on the power estimation based on log2. We advise log2 transformed data for this dataset. d) Line plot depicting power calculations for three ICCs, as a function of ICC, (histogram). Power estimations depend on ICC, simulation determined the n MxCg and TCgxGr needed to achieve a study power, which changes depending on degree of cage clustering (i.e., ICC, intra-class correlation coefficients). e) Power table illustrates the number and distribution of mice using a clustered design to achieve study power. 1  9  17  25  33  41  49  57  65  73  81  89  97  105  113  121  129  137  145  153  161  169  177  185  193  201  209  217  225  233  241  249  257  265  273  281  289  297  305  313  321 
403
In conclusion, we confirmed that research methodology continues to vary in published literature and as Figure 9 , study selection was based on 457 the use of 5 mice/cage, and that study results were published as dot plots (allowing us to infer the raw data for our 458 analysis) in the manuscript. Descriptive statistics for parametric data were employed if assumptions were fulfilled 459 (e.g., 1-way ANOVA). Non-fulfilled assumptions were addressed with nonparametric methods (e.g., Kruskal-Wallis).
460
As needed, 95% confidence intervals are reported to account for sample size (e.g., MxCg; surveyed participants) and 461 for external validity context. Significance was held at p<0.05. Analysis, study powers, and graphics were conducted 462 with R, STATA, Python 3.0 Anaconda, GraphPad and G*Power. 74 
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